CBA mice, inoculated intravenously with large doses of adenovirus type 5, showed raised levels of serum aspartate aminotransferase (SAAT; EC 2.6.1.1) and died within a few days from histologically demonstrable hepatic necrosis. After inoculation of I LDs0, virus was rapidly taken up by the tissues where infectivity then declined greatly. Organ titres then increased about Ioo-fold by 48 h p.i. but, in the liver, which showed intranuclear inclusion bodies, and by electron microscopy, scattered intranuclear and intracytoplasmic adenovirions, the increase was IOOOO-to iooooo-fold. P antigen was detected by single radial diffusion in liver extracts, and by immunofluorescence in 80 % of liver cells at 36 h p.i. Hexon, penton base and fibre antigens appeared later and in fewer cells. The maximum amount of hexon, of demonstrable type 5 specificity, was shown by radioimmunoassay to be equivalent to up to 5 x io 11 whole adenovirions/g liver. It is concluded that human adenovirus type 5 undergoes an abortive but lytic infection in most liver cells but that replication may proceed to completion in a few.
INTRODUCTION
Infections of cultured cells by human adenoviruses (Ad) are permissive, abortive or 'semi-permissive' depending on the type of virus and cell used (Philipson & Lindberg, 1974) . In monkey cells the infection may be abortive or persistent (Baum, 1977) , and abortive infections of rodent cells are associated with transformation. Thus transformed hamster cells arise from an abortive, though mainly lytic infection by Ad I2 (Strohl et aL I97O) , or when the usually permissive infection by Ad 5 is rendered abortive by the use of temperaturesensitive (ts) mutants at the restrictive temperature (Williams, 1973) or of fragmented, but not intact, virus DNA (Graham et aL I975) . Similarly, transformed rat embryo cells grow out from the abortively-infected survivors of a 'semi-permissive' infection by group C adenoviruses (Gallimore, 1974) . The transformed phenotype is associated with the expression of a small integrated part of the virus genome (Sharp et al. ~974) .
Infections of cultured mouse cells by human adenoviruses have not been widely studied § Infection of mouse liver by adenovirus type 5 47 provided by Dr W. C. Russell, specificity of the latter serum having been achieved by passage through hexon-and fibre-containing immunoabsorbent columns (Haase & Pereira, I97z) . Rabbit anti-mouse immunoglobulin (lg) was kindly provided by Professor J. H.
Humphrey. Mouse sera were tested for antibodies to Ad 5 by double gel diffusion. Detection of antigens in liver extracts. P antigen was detected by the reversed radial immunodiffusion technique of Pereira et al. (I971) , with gels containing a I in Ioo dilution of a rabbit anti-P serum and z/zl of extract being placed in each well. Results are expressed as the area (mm ~) of the zone of opacity, which is proportional to the antigen concentration. A standard liver extract was included in each assay.
Hexon was detected by the saturation method for inhibition of radio-immunoprecipitation (Willcox & Mautner, I976) . Liver extract (30/~1) was pre-incubated with 5 #1 of a limiting dilution of a mouse anti-hexon antiserum for 30 min at 37 °C. 125I-Labelled Ad 5 hexon (2 ng) was then added to each tube and incubation was continued for a further 30 rain at 37 °C. Enough rabbit anti-mouse Ig antiserum was then added to precipitate all the mouse Ig present, and the mixtures were incubated for a further 30 min at 37 °C. The precipitate and supernatant fluids were separated by centrifugation and counted in a Packard Autogamma scintillation counter to give the percentage of radioactivity precipitated. Nonimmune (SPF) mouse serum gave 2 to 5 % precipitation and this value was not subtracted from any of the results reported.
Immunofluorescence. Acetone-fixed sections were examined by the indirect immunofluorescence technique using immune and pre-immune sera absorbed with mouse liver homogenate (Nairn, 1962) , and fluorescein isothiocyanate-conjugated goat anti-rabbit (Behring) and swine anti-guinea pig (Nordic) globulins. They were counter-stained with o.1% (w/v) Evans Blue (Gurr).
Assay of serum aspartate aminotransferase (SAAT). The method of Dickie et al. 0970) was used, with a Technicon A II autoanalyser.
Histological studies. Organ samples were fixed in Io % (w/v) neutral buffered formalin and paraffin sections (4 #m) were stained by haematoxylin and eosin, phloxine-tartrazine, Feulgen, methyl green-pyronin and periodic acid-Schiff (PAS; with and without diastase pre-treatment).
Electron microscopy. The fixative and intermediate washing buffer solution were formulated to have an osmotic pressure equal to that of fresh mouse blood (= 360 mosM). The samples of liver tissue were fixed in 1.8% (w/v) glutaraldehyde in 0"045 M-phosphate buffer pH 7.2 containing 2"5 mM-MgCI2 at o to 4 °C for 3 to 3"5 h. After washing for I to 3 nights in several changes of o.I M-phosphate buffer pH 7"2 containing o-I56 M-sucrose and 2"5 mM-MgCI~ at 4 °C they were post-fixed in 1% (w/v) OsO4 in o'I5 M-phosphate buffer, pH 7"2, containing 2"5 mM-MgClz at zo °C for I h. They were dehydrated with a graded series of ethanol solutions and embedded in Araldite. Thin sections were cut with a tungstencoated glass knife (Roberts, I975) and stained with uranyl acetate and lead citrate (Reynolds, I963) .
RESULTS

Preliminary experiments
When CBA/Ca or F1 (CBA/C~vB16) mice were inoculated intravenously with 2 × to 9 p.f.u, of purified Ad 5, 9 out of Io sickened and died of a profound hepatic necrosis within 5 days, but all of Io mice survived one third this dose (Postlethwaite, I973). This abrupt mortality threshold was reflected in the extent of histologically demonstrable liver necrosis Mice which survived made a rapid and complete recovery with no apparent sequelae up to 6 months later. No adverse effects were seen in mice inoculated with u.v.-irradiated virus equivalent to three lethal doses nor when this amount of live virus was treated with a I in 250 dilution of a rabbit anti-Ad 5 antiserum for I h prior to inoculation. Normal rabbit serum did not protect even at a I in 5 dilution and the same dilution of the anti-Ad 5 serum did not protect against two lethal doses of Ad 2 virus. Although small amounts of infectious virus were detected in organ extracts and virus antigen was seen in hepatic parenchymal cells by immunofluorescence microscopy, no virus particles could be found by electron microscopy in these early experiments, and the question of complete or abortive growth was thus undecided.
Detailed analysis of the acute disease over its natural time course
To facilitate the demonstration of virus growth, should this indeed occur, a 5o % lethal dose of virus (Io 9 p.f.u.) was used (in two identical experiments) in order to infect as many cells as possible, whilst permitting sufficient survivors for groups of three mice to be studied at intervals up to I4 days during the development and resolution of the disease. The zero time group was bled and then killed for organ sampling 2 and 6 rain after infection respectively.
Development of clinical disease, levels of SAAT and gross and microscopic pathology
After onset of disease at 48 h p.i., mice were profoundly sick from days 3 to 7 with sluggish movement, hunched posture and yellow urine. All deaths occurred between the fourth and seventh days. Survivors were clearly recovering by the eighth day and had regained their normal appearance and activities by day I4. Levels of SAAT increased about Ioo-fold between 24 and 36 h p.i. and returned to near normal by the tenth day ( Fig. I days p.i. the liver became progressively pale, friable and enlarged and showed scattered petechiae. Patchy recovery was seen at 8 days. The spleen almost doubled in size by day 8, the mean wet weights on days o, 2, 4, 8 and Io being 58, 87, 76, ~o7 and lO6 mg respectively. Adrenals were red and enlarged from days 3 to 6 and the thymus was noticeably small during the period 6 to ~o days p.i. The liver, adrenals and thymus appeared grossly normal again by days io, IO and I4 respectively, but the spleen was still enlarged at day I4. Histological examination of liver, lung and spleen for up to 7 days after inoculation of virus-free diluent (containing glycerol and CsC1) revealed no abnormality. Sections of infected liver (Fig. 2) showed centrilobular congestion which progressed to diffuse hepatocellular damage by 24 h with prominent cytoplasmic eosinophilia and focal necrosis. The subsequent formation of acidophilic apoptotie bodies (Kerr et al. I972 ) was accompanied by a sparse, mainly lymphocytoid, inflammatory ceil infiltrate and Kupffer cell hyperplasia. Progressive hepatocellular necrosis with focal haemorrhage occurred during the third and fourth days. Surviving hepatocytes showed increased mitotic activity from day 4 onwards and reparative features, with increased numbers of macrophages, were prominent by the eighth day. The liver appeared normal after ~4 days.
Intranuclear inclusions, first seen at I5 h p.i. as tiny eosinophilic dots, became large and irregular by 36 h. They were phloxine-positive but negative for DNA and RNA when stained by Feulgen and methyl green-pyronin techniques respectively. PAS-positive, diastase-labile glycogen was absent from most of the hepatocytes with nuclear inclusions, especially at 36 and 48 h, but persisted in inclusion-free cells.
Occasional intranuclear inclusions were identified in the bronchial epithelium, especially at 36 h, but not in the adrenals which were congested. The spleen showed follicular hyperplasia and marked lymphocytoclasis, most marked at 72 h.
Recovery of virus from organ extracts
Infectivity assays gave highly consistent results, in the two experiments, for the distribution of virus between tissues (Table I and Fig. 3 )-Virus in the blood was quickly taken up into other organs where titres then declined rapidly. By 6 h, when the total virus recovered was only 2"3 0/0 of that obtained at zero time and about oq6 % of that inoculated, residual infectivity was largely concentrated in spleen, lung and liver, only the thymus showing a lower concentration than the greatly depleted blood. Virus concentrations continued to decline and, for all tissues, were lowest (P < 0"05) between 24 and 36 h p.i.
Between 24 and 48 h p.i. virus concentrations increased, much more so for the liver 0oooo-to :ooooo-fold) than for other tissues (about :o-to too-fold; Fig. 3 )-For all tissues except spleen, virus concentrations were maximum at 48 h and, for liver and lung, were significantly (P < 0-05) greater than at 36 or 72 h. Virus in the blood may also have increased by 48 h, but the relative titres from :5 h to 4 days were not significantly different from those observed over a similar period when virus was mixed with mouse serum in vitro and incubated at 37 °C-The spleen appeared to be exceptional since the titres at 4 days were not significantly different from those at 2 days. From peak tissue concentrations, virus then declined to low or undetectable levels by 4 to 6 days p.i. The virus recovered from a 48 h liver extract was antigenicaUy similar to the inoculum virus since the 50 % neutralization titre of a potent Ad 5 antiserum lay between I/2ooooo and :/400000 for both.
Demonstration of virus antigens in liver cells by immunofluorescence
Antigen-containing cells ( Fig. 4 and 5) were randomly distributed. P antigen was first seen I5 h p.i., was present in nearly 80% of cells by 36 to 48 h and then declined. Cells with capsid antigens were fewer, were not seen until 36 h p.i. and reached peak levels at 48 to 72 h p.i. Fibre antigen was detected in a higher proportion of cells than other capsid antigens. No antigens were detected later than 6 days p.i. 
5I
Early in infection P antigen was seen as small cytoplasmic and perinuclear dots, which appeared to migrate to the nucleus where they coalesced to form large granules. From 48 h onwards some nuclei showed rings of fluorescence similar to the late P antigen described in cultured cells by Hayashi & Russell (I968) . By 4 days p.i. most antigen-containing nuclei showed uniform and complete fluorescence. In contrast, fluorescence due to capsid antigens never completely filled the nuclei. Hexon was first observed as small nuclear dots which increased in size and number during infection. Fibre and penton base antigens both appeared initially as flecks which increased and enlarged to give the appearance of wrinkled silver paper or of fine intranuclear cobwebs respectively. The complete filling of nuclei by P antigen but not by capsid antigens is contrary to the situation reported in the permissive infection of human embryo kidney cell cultures by Hayashi & Russell (I968) . Cells containing P antigen and particularly capsid antigens were more markedly autofluorescent than uninfected cells, especially at 3 to 4 days p.i.
Detection of P antigen in liver extracts by radial immunodiffusion
P antigen was first detected at 24 h p.i., reached maximum levels around 48 h and became undetectable between 4 and 6 days p.i. (Table 2) . 
Detection of hexon antigen by radioimmunoassay
Hexon in the liver extracts was detected by its ability to block a limiting dilution of specific anti-hexon antibody and so prevent it from binding 125I-labelled hexon added subsequently. Without any blocking agent, the antibody formed soluble complexes with the labelled antigen, which were then precipitated by subsequent incubation with anti-immunoglobulin antiserum. The percentage of the labelled hexon thus precipitated was determined and was a measure of the amount of antibody present. Blocking of the antibody by pre-incubation with unlabelled hexon reduced the percentage precipitation of labelled antigen.
Time of appearance
Hexon first became clearly detectable at 36 h p.i. and persisted in substantial amounts until the fourth day ( 1"6 2"7 (2"0-3"5) I/3 IO'5 (IO'2-IO'8) 48 h 3"0 3"0 (2"5-3"5) 1/3 6"6 (5"5-7'4) 1/30 12"5 (I0"0-I5'1) 72 h 2'4 2"1 (2"o-2"4) 1/3 IO"3 (9"5-IO"7) 4 days 1"5 o'7 (o-o--1'2) I/I 8. 3z" 5 * Expressed as mean area (mm ~) of radial immunodiffusion zone versus anti-P antiserum. t Expressed as percentage of labelled hexon precipitated by known antibody in presence of liver extracts. :l: Where a range is given, results are the mean values from three mice; otherwise they are pools from three mice. extracts from uninjected mice. As shown in separate assays, anti-hexon antibodies were present from 8 to I4 days p.i. These presumably explain the increased precipitation of labelled hexon and, coupled with the demonstration by gel-diffusion of serum antibody from the sixth day, may account for the apparent absence of hexon in liver extracts after the fourth day. In this experiment volumes of extract were one third those used in Table 2 , so a I/I dilution in Fig.  6 is equivalent to a I/3 dilution in Table 2 . Total volumes were the same throughout.
Quantification
The 48 h liver extract from experiment 2 was chosen for more precise quantification. Blockage of precipitation by different dilutions of extract was interpreted in terms of hexon content by reference to the dose-response curve for known concentrations of unlabelled purified hexon (Fig. 6) . The concentration of hexon appeared to be 25/zg/ml of extract which is equivalent to approx. 5 x io n adenovirus particles/g liver. In a similar experiment, hexon was present at a concentration of about I/zg/ml at 48 h, although it was not carefully titrated on this occasion.
Serological typing of the detected hexon
The blocking by the liver extracts shown in Table 2 and Fig. 6 appeared to be specific since it was not seen at certain times after inoculation nor with extracts from control mice. However, some non-specific effect on the antibody, for example by products of liver damage, could not be excluded. To investigate specificity therefore, the cross-reactive population of an anti-Ad 5 hexon antiserum was pre-blocked with excess unlabelled type 2 hexon (WiUcox & Mautner, ~976) and the residual type-specific anti-Ad 5 hexon antibody was then used to detect hexon in the liver extracts. As a control, similarly prepared type-specific anti-Ad 2 hexon antibody was tested in parallel.
These antisera each gave 36% binding of the homologous labelled hexon and about Jo 0/0 of the heterologous i.e. they were at least 80 % type-specific (Willcox & Mautner, I976) . The infected liver extracts all clearly blocked the homologous (anti-Ad 5) typespecific antibody efficiently but had no effect on the heterologous (anti-Ad a, Table 3 )-As previously found, uninfected liver extracts did not block at all. Moreover, the possibility that inhibition of hexon binding was spurious and due to increased amounts of mouse immunoglobulin in liver extracts was excluded by showing that inhibition remained the same in spite of increasing the amount of anti-Ig serum by 50 or Ioo 0/0. ]35"7 Non-injected "43"o * Type-specific anti-Ad 5 (or Ad 2) hexon antibody was prepared by pre-incubation of anti-Ad 5 (or Ad 2) hexon antiserum with excess (too pg/ml) of unlabelled Ad 2 (or Ad 5) hexon. Each was assayed against l~SI-labelled homologous hexon. 
Electron microscope studies
Liver samples from mice inoculated with virus-free diluent and sacrificed up to 4 days p.i., and the zero time sample of infected liver, showed no consistent abnormalities. There was an orderly arrangement of uniform hepatocytes with Kupffer cells and sinusoids. The hepatocytes contained much glycogen, many mitochondria and occasional lipid droplets, as well as endoplasmic reticulum, microbodies and lysosomes.
At z 4 h p.i. a few nuclei showed two abnormal features approx, o'5 to 2 pm diam., namely, uniformly grey patches less granular than the surrounding nucleoplasm (Fig. 7, A) and other patches (Fig. 7, B) consisting of electron-dense dots (approx. 20 nm diam.) and apparent clusters (approx. IOO to I4o nm diam.) of dots. By this time adjacent hepatocytes, in contrast to their usual uniformity, were beginning to show morphological differences.
At 48 h this cellular variation was very marked (Fig. 8) , notably with regard to cytoplasmic and mitochondrial density, form and swelling of endoplasmic reticulum, and numbers of lipid droplets relative to other organellcs. There was less glycogen and more lipid, and rounded areas of electron-dense degenerating protoplasm characteristic of apoptosis (Kerr et al. 1972) were seen (Fig. 8, Ap) . Moreover, some of the cells with abnormal nuclei contained scattered adenovirus particles (Fig. 9 ) as defined by size (approx. 70 nm diam.), hexagonal outline (Fig. 9 insert) and characteristic varied appearance (Takeuchi & Hashimoto, 1976) . These were present either in nuclei only or, less frequently, in both nuclei and cytoplasm (Fig. IO) . No paracrystalline arrays were seen.
The general appearance of liver tissue at 3 and 4 days p.i. (Fig. I I) was of disorganization and extensive damage, but adenovirions were still seen in a few cells at 3 days p.i. Red blood cells were widespread, hepatocyte boundaries were indistinct, intercellular spaces were prominent and apoptotic bodies were still present. Glycogen had entirely disappeared but surviving cells contained enormous amounts of lipid.
The cells and architecture of the liver returned to normal during the period 6 to 14 days p.i. as revealed, even as early as the eighth day (Fig. I2 ), by the uniform appearance and arrangement of hepatocytes, the apparent normality of nuclei and mitochondria, the abundance of glycogen and rough endoplasmic reticulum and the reduced number of lipid droplets.
DISCUSSION
The random, non-clustered development of P antigen in 80 % of liver cells, appearing as a single sharp peak in a non-progressive disease, is consistent with an abortive but lethal infection. A purely toxic effect seems unlikely since the inoculum virus had been purified from free fibre and penton base antigens (Pereira, 1958; Everett & Ginsberg, 1958; Levine & Ginsberg, 1967) and u.v.-irradiated virus had no effect. A role for the liver macrophage (Mims, 1964) , suggested in preliminary dose-response experiments by the enhanced mortality and aminotransferase levels brought about by the prior inoculation of powdered silica (Postlethwaitc, I973), needs further study.
Abortive adenovirus infections in cultured cells h~tve been reviewed by Schlesinger (1969) , Strohl (I 973) and Philipson & Lindberg (I974) . As found in some of these, the block to virus replication in the liver infection studied here may occur at the level of virus DNA synthesis, with failure of later genc transcription, from a subsequent block in translation so that capsid antigens are not produced, or from defective maturation and assembly at an even later stage of development. Certainly there is a close relationship between early (T) antigen production and cell killing in the abortive infection of cultured BHK 2I cells by Ad I2 (Strohl, I969a) , and P antiserum is now thought to react with T antigen(s) as well as with the early, 72K, DNA-binding protein (Graham et aL 1977) .
The later appearance of capsid antigens and of complete virions in parenchymal cell nuclei, and the increase of infectivity after the apparent eclipse of inoculum virus, suggest a complete cycle of virus growth in some liver cells. This is consistent with the liver tropism of group C adenoviruses in newborn hamsters (Pereira et al. 1962; Samaille et al. 1965; Connor, 197o) and immunologically compromised humans (Aterman et al. 1973 ). However, the virus-inhibiting effect of low dilutions of liver extracts noted here, and the demonstration of interferon and non-specific inhibitors in Ad I-induced hepatitis in newborn hamsters (Rudenko et al. 1972 ), indicate the need to assess the role of these substances in the mouse infection, since they could contribute to a spurious demonstration of eclipse of inoculum virus. The small, late increases in infectious titre noted in other organs might simply imply haematogenous spread of liver-grown virus but, in view of the common, often latent, association of lymphoid tissues with adenovirus infections (Pereira & Kelly, I957; Van der Veen & Lambriex, I973; Faucon et al. I974) , the exceptional pattern of infectivity in the spleen (Fig. 3) merits particular study.
The qualitative evidence that the blocking agent in liver extracts was hexon of the same type as the virus originally inoculated is compelling. It argues strongly against the possibility of non-specific blocking or of blocking by a reactivated mouse adenovirus. However, the estimated concentration of hexon is only approximate for technical reasons. At 48 h this amounted to a iooo-to 25ooo-fold excess over the detectable infectivity. This is much greater than that reported for many cell culture systems (White et aL I969) and may reflect the production of incomplete (Sundquist et al. 1973; WadeU et al. 1973) , possibly interfering particles, imbalance in synthesis of virion components, deficient assembly and maturation, or inefficient biological assay. The small proportion of apparently fully permissive cells may reflect anatomical or physiological differences, asynchrony of infection and infectiondependent changes in cell competence, host-range variants or defective interfering particles in the virus inoculum, or varying sensitivities of detection. Changes in cell susceptibility with phase of the mitotic cycle have indeed been reported (Semkow, I974) . Moreover, in the Ad i 2-BHK2I system, infection leads to cell DNA synthesis (Strohl, 1969 b) and subsequent survival or death are associated with culture conditions providing, respectively, for logarithmic growth or Gr-phase arrest (Strohl, I969a) . The possibility of a virus variant was suggested by the high LDs0 and the low yield of new infectious virus; a raised body temperature could contribute to variable expression of the virus genome (Russell et al. x972 ).
On balance, it seems reasonable to postulate for human Ad 5 in mouse liver a small proportion of permissive cells in a predominantly abortive infection, as indeed pertains for the uncomplemented infection of cultured green monkey kidney cells in vitro (Friedman et al. I97o; Baum et aL I972; Baum, I977). The absence of progressive infection may then be explained by early elimination of the few permissive cells, by inefficient release of new infectious virus, by antibody-limited spread of extracellular virus from the sixth day and, at earlier times, by the possible intervention of interfering substances. A similar restriction of hepatic infection to the cells initially infected has been reported for Ad 2 and Ad 5 in newborn hamster liver (Samaille et aL I965). A possible role for cell-mediated immunity would be consonant with the known thymic dependence of anti-hexon and -fibre antibody formation (Mautner & Willcox, ~974) , although lymphocyte infiltration of the liver was scanty and the presence of other virus-induced, possibly cell-surface, antigens was not sought. Moreover, adoptive transfer experiments suggested that cell-mediated protection was unimportant (Mautner & Willcox, 1974) and T cell-deprived and cyclophosphamidetreated mice were no more susceptible than controls (R. Postlethwaite, unpublished observations). However, while the evolution of the disease and the regeneration of liver cells are so rapid that immunological factors may have little opportunity to influence high dose infections, they may contribute to the sublethal effect of small doses.
This simple, reproducible and dose-responsive animal model, coupled with complementary study of cultured cells, is well suited for further examination of those factors of host and parasite which determine the outcome of this, as of other, adenovirus infections. If the few apparently permissive liver cells simply reflect host-range variants in the inoculum virus, then selection and propagation of these may permit detailed study of the determinants of virus virulence. Finally, whether the infections studied are permissive, abortive, transforming or persistent, they may well have general significance as well as special relevance for other virus infections of the liver which continue to pose questions for experimentalist and clinician alike.
